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Abstract 
Optimization of carbon dioxide (CO2) storage operations for efficiency and safety requires use of monitoring techniques and 
implementation of control protocols. The monitoring techniques consist of permanent sensors and tools deployed for measurement 
campaigns. Large amounts of data are thus generated. These data must be managed and integrated for interpretation at different time 
scales. A fast interpretation loop involves combining continuous measurements from permanent sensors as they are collected to 
enable a rapid response to detected events; a slower loop requires combining large datasets gathered over longer operational periods 
from all techniques. The purpose of this paper is twofold. First, it presents an analysis of the monitoring objectives to be performed in 
the slow and fast interpretation loops. Second, it describes the implementation of the fast interpretation loop with a real-time 
monitoring system at the Illinois Basin–Decatur Project (IBDP) in Illinois, USA.  
© 2010 Elsevier Ltd. All rights reserved 
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Optimization of carbon dioxide (CO2) storage operations for efficiency and safety requires use of monitoring techniques 
and implementation of control protocols. The monitoring techniques consist of permanent sensors and tools deployed
measurement campaigns. Large amounts of data are generated, managed and integrated for interpretation as well as used 
for regulatory reporting [1], [2], [3].  The monitoring objectives, which are common to the design of any CO2 storage 
monitoring plan, require data availability and interpretation at different time scales. These requirements are analyzed in 
the first section.  
The implementation of a two time scale system for monitoring and control processes is a common requirement for many 
industries. The fast interpretation loop is generally implemented with a supervisory control and data acquisition 
(SCADA) system, as seen in reference [4] for the oil and gas industry.  The second section describes the design and 
deployment of such a system at the Illinois Basin–Decatur Project (IBDP).  
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1. Fast and slow interpretation loops 
We analyzed the monitoring objectives and attributed a slow and fast timescale according to the overall concern of 
safety and efficiency. In the fast interpretation loop, continuous measurements are interpreted as they are collected, 
which potentially enables a rapid response to detected events. In the slower loop, technical experts perform in-depth 
analyses of large datasets that are gathered over longer operational periods and collected during measurement 
campaigns. The subset of data involved in the fast interpretation loop must be available as it is collected, but the full 
dataset is stored in a database for later analysis.  Figure 1 depicts the data flow and the interaction between the 
workflows for the two interpretation loops.  
We analyzed the monitoring plan by its objectives and distinguished fast and slow workflows with the corresponding 
subset of data to be performed in the fast and slow interpretation loop. 
• Monitoring injection operations - Optimizing the injection rate as a function of the input stream rate, the well 
and reservoir properties, has to be performed in both a fast and a slow interpretation loop. Measurements 
needed may include downhole and wellhead pressures and temperatures, injection and input stream flow rates, 
conditions within the injection pipeline, and compositional analysis of the input stream. Geophones may also 
be deployed to monitor microseismic events induced during injection. The fast interpretation loop includes 
three different workflows aiming at: 
o Managing and anticipating the risk of fracturing the cap rock by overpressurization or thermal 
fracturing. Analysis performed in the slow interpretation loop defines and provides periodic updates 
to the criteria and thresholds to control the injection rate, which is managed in the fast interpretation 
loop; slow loop analysis incorporates a wider subset of data than that available in the fast loop (i.e., 
outputs from history-matched reservoir models, etc.). 
o Monitoring the thermodynamic properties of the injected CO2 and ensuring that it is injected in a 
supercritical phase. This involves monitoring the pressure and temperature along the injection 
pipeline, at the wellhead inlet, and near the subsurface injection point. 
o Accounting for the mass of CO2 injected by combining the stream composition and flow rate. Because 
reporting the mass of CO2 injected in real time is generally not required, this task can be performed in 
either the fast loop, if the data is available, or the slow loop.  
• Monitoring injection well integrity—Monitoring of wellbore integrity may initially be performed within the 
fast interpretation loop so that a loss of integrity in the injection well can be detected and addressed as early as 
possible. Relevant measurements include downhole and wellhead pressures and temperatures, injection and 
input stream flow rates, conditions within the injection pipeline, and compositional analysis of the input stream, 
Figure 1: Data interpretation may be performed on either a slow or fast timescale. The timescale for the
fast interpretation loop depends on the data acquisition and control system. The sensors and
measurements in the gray box are examples only.
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CO2 concentration and pressure from sensors at the wellhead or at surface close to the wellhead. The fast 
interpretation loop may enable the early detection of leakage pathways through monitoring of pressure 
measurements or detection of CO2 in the annuli or at the surface. Additionally, an anomalous temperature 
profile along the borehole may indicate leakage in the tubing-casing annulus or outside the casing wall. 
However, an in-depth integrity analysis is also performed; this slow interpretation loop includes the 
interpretation of well logs.
• Monitoring reservoir integrity – The monitoring of the reservoir integrity is likely to vary widely from one 
storage site to another. The goal of the fast interpretation loop is to detect a potential loss of integrity as early as 
possible for prompt remediation. Relevant measurements include pressure, temperature, and CO2 concentration 
in the formations overlying the caprock, as well as induced microseismicity. With appropriate sensor 
placement, anomalous pressure perturbations may enable the detection of leakage pathways. Additional data 
from geophysical techniques probing the overburden will be analyzed in the slow loop. 
• Monitoring potential impact of leakage and detecting leakage—Leakage detection must be performed in 
the fast interpretation loop to enable the earliest response and minimize the impact. Relevant data include CO2
concentration from sensors placed in or near the wellhead and in the formations overlying the reservoir. 
However, the data interpretation is complex (such as background variations of the CO2 concentration in the 
atmosphere) and also requires slow loop interpretation processes including modeling and additional data (e.g., 
meteorological conditions, geochemical and hydrodynamic properties of aquifers, etc). 
• Monitoring to track the CO2 plume—Tracking the plume and predicting the long-term evolution of the CO2
in the reservoir does not require a rapid response; it does involve the combination of a wide range of 
measurements to history-match transport models. This monitoring requires only the slow interpretation loop. 
2. Implementation of fast interpretation loop in the Illinois Basin – Decatur Project  
The fast interpretation loop is being implemented with SCADA system at IBDP. The system consists of the 
following: 
• A local system installed in an injection monitoring room, which provides a real-time data display, direct access 
to manual control of the system, and onsite archival of the data. This system may also be monitored from a 
remote location. 
• A connection to the remote terminal unit of each sensor connected to the system. Data reaching this unit 
contains the sensor status information. The unit filters this data and performs a diagnostic check of the sensors. 
• An interface with the SCADA system of the ethanol plant’s compression-dehydration unit that is collecting and 
conditioning the CO2 and controlling injection. This interface includes transmission of specific alerts. 
• A data archival system that synchronizes with a remote data center, where the data for the slow interpretation 
loop and for reports to the permitting regulatory agency are archived. Technical experts may download data 
from this remote data center for in-depth analysis. 
• An external Web access to surveillance screens for fast interpretation. 
To summarize, the system monitors the sensor diagnostics, ensures proper data acquisition, and provides an initial fast 
interpretation that may generate real-time alerts based on predefined thresholds. Data from each sensor may be also 
consulted independently.  
For this first implementation at IBDP, automated responses to potential alerts were not included. This will be 
implemented in later versions of the system once the monitoring workflows have been tested with several datasets 
collected on storage sites.  
With respect to the real-time Web interface, three surveillance screens were designed. They correspond to three of the 
monitoring objectives requiring fast interpretation workflows that are described in the previous section.  
• Screen 1: Monitoring injection operation. Combinations of the following measurements are displayed: the 
injection rate at the wellhead, pressure and temperature at the wellhead, downhole pressure and temperature, 
seismic activity detected by permanently installed geophones, and temperature profile along the injection well. 
The wellhead and bottomhole pressures and temperatures are plotted on a phase diagram to monitor the CO2
phase. The evolution of the injection pressure at the wellhead and bottomhole are plotted on the same graph as 
the flow rate to enable visualization of their simultaneous evolution. An alert may be triggered if 
overpressurization or thermal fracturing are becoming a risk (i.e., when the limits of the defined operating 
conditions risk are approached). The amount of injected CO2 is continuously computed. 
• Screen 2: Monitoring the well integrity. First, the temperature profile along the borehole is monitored in 
correlation with the flow rate changes because anomalies may be a sign of leakage. Second, it is required that 
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